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Abstract

Qil spills result in serious damage to the environment. Mechanical recovery using weir skimmers is one of
the most important techniques in combating oil spill. This paper discusses the enhancement of weir
skimmer capacity on spill oil recovery by introducing a tangential water jet along the inside bottom of a
weir chamber. The jet creates a strong, stable vortex inside the weir. The weir skimmer oil recovery rate
increased as the water jet flow rate increases, the oil viscosity decreases and film thickness increases. The
maximum oil recovery rate was attained when the weir crest was at the same level as the oil/water
separation surface. Deploying containment booms to increase oil film thickness and using transfer pumps
to increase il recovery rates are recommended to maximize the enhanced weir skimmer’ s effectiveness.
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Notation

Q oil recovery rate, (cu.m. /hr).

t oil film thickness, (mm).

h submergence height, (mm).

m dynamic viscosity of oil, (N.s/mP).

fi density of ail, (kg/m?).

1. Introduction

Rapid economic growth has caused a substantial increase in oil consumption in recent decades. To meet
market demand, oil producers have established a worldwide network of sea-going vessels that transport oil
through major waterways. As a result, a significant amount of oil is spilled into seas from operational
discharges of ships as well as from accidental tanker collisions and groundings. Oil spills resulting from
tanker traffic, offshore drilling. Associated activities are likely to increase in years to come as demand for
petroleum and petroleum products continue to rise. An oil spill accident is harmful to the ocean
environment and the health of mankind. A major oil spill can cause serious damage to the fisheries and
contaminate the shoreline (Wanga, et al., 2005). The threat of economic and environmental devastation
from ail spill has lead to the development of a number of cleanup alternatives. These alternatives may be
grouped into three separate categories: (i) dispersion of oil into the water column with chemical dispersants;
(ii) sinking of oil with heavier-than-water materials; and (iii) recovery of oil from the sea surface with
mechanical devices (boom and skimmer systems). All three methods remove oil from the water surface, but
the first two methods simply transfer the oil from the water surface into the water column or onto the
seabed. Both methods require the addition of chemical substances to the water, which in some cases may be
toxic to marine biota. The third method uses floating booms to collect the oil, which then can be removed
from the marine environment by skimmers.

Mechanical cleanup techniques have proved to be an effective response strategy, as concluded by Tsocalis
et al. (1994). Skimmers that use disks, belts, drums and brushes, recover oil from the water surface using
the adhesive property of the skimmers' surfaces. Turner et al, 1987, 1996, 1998, and 2000 presented
extensive studies towards understanding and improving the hydrodynamic performance of disk
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skimmers. Hammoud et al. (2000a; 2000b; 2003) and Khalil et al. (2000) have presented several
experimental studies on the hydrodynamics of these skimmer types.

Weir skimmers, with their crest just above or at the oil/water interface surface, collect oil floating on the
water surface via gravity action. Once collected, the ail is transferred from the weir central sink by gravity
or by pump to storage tanks. Because they are widely available, weir skimmers are the most commonly
used type of skimmer for environmental protection. They have been used to recover oil in many marine il
spill accidents and industrial wastewater treatment systems. A wide variety of weir skimmers are produced
and they are often classified according to their size, surface area, and mode of operation.

A recent literature survey indicates that there are few refereed papers or reports that deal with the unique
hydrodynamic conditions concerning the flow of floating oil over weir skimmer. Solesberg et al. (1977),
McCracken (1977), and McCracken et al. (1977) presented experimental data on the performance of the
Oelalll circular hydro-adjustable weir skimmer. The tests presented by McCracken et al. (1977) used low
viscosity oils with film thicknesses of 20 and 25 mm.

Abdelnour et al. (1978a; 1978b and 1980) presented data on the effect of oil film thickness and total
mixture flow rate on the percentage oil concentration in recovered oil. Their results indicate that the oil
concentration decreases rapidly with the mixture flow rate, and increases with increasing slick thickness.
Borst et al. (1984) tested the Skim-Pak skimmer, which has a hydro-adjustable linear weir, under low
pressure heads and at oil film thickness ranging from 7 to greater than 10 mm. They found the weir length
and the ail film thickness near the weir to be the most important parameters affecting the oil recovery rate.
Controlling the weir depth minimizes water recovery especially for thin oil films. when operated in waves
where weir skimmer must have high static stability (Claus et a., 1991; Deligne 1989; Leibovich 1977; Rao
1975; Schulze 1993; 1998; Smith et al., 1987; and Wilson 1981).

Jensen et al. (1995a; 1995b) presented a simple qualitative method to evaluate weir skimmer performance
based solely on the weir skimmer’ s technical specifications. They concluded that weir skimmers work well
when gravity forces are driving the oil towards the weir. Higher oil density and viscosity reduce the gravity
effect. Lorenzo et al. (1995) concluded that weir skimmers were influenced less by variations in ail
viscosity for non-emulsion ail, but varied significantly when operating with an emulsion.

Recently Topham (2002) developed a model using two-layer flow over a broad crested weir to compare
different weir skimmer characteristics. His results indicate that the oil concentration of the mixture
recovered by the skimmer can be described in terms of a single densimetric Froude number based on weir
width, dick film thickness, and density difference between oil and underlying water. His analysis suggests
an optimal oil recovery can be achieved using a hydro-adjustable weir.

The above overview shows that weir skimmers play an important role in oil spill recovery. Improving the
performance of weir skimmers allows spilled oil to be recovered more quickly, which in turn reduces
environmental harm. The objective of this research is to improve the performance of a weir skimmer by
introducing a tangential water jet inside the skimmer itself. Further, this research explores the effect of
water jet flow rate and oil viscosity on the skimmer oil recovery rate under different oil film thicknesses.

2. Experimental apparatus

Figure 1 shows the general features of the experimental apparatus. The apparatus consists of a 600 x 600 x
1000 mm rectangular Plexiglas reservair (1) placed inside arigid welded steel frame (2). A weir skimmer is
comprised of a 300 mm diameter x 200 mm high Plexiglas cylinder (3). The cylinder wall was uniformly
perforated to keep the water level in the cylinder and the tank the same. A water jet was introduced
tangentially at the bottom of the Plexiglas cylinder through a 5 mm diameter copper pipe. The water jet
creates a strong, stable water vortex whose flow rates were controlled from a pressurized source. The
generated vortex creates a cyclone, which forces the oil to flow over the water surface toward the weir
centra sink, where the oil is transferred either by gravity or by a pump to a graduated reservoir (4).

An automatic pressure regulator (5) was connected via a 38 mm (1.5 inch) delivery pipe to prevent the
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pump from running dry. A mechanical gage pressure (6), connected to the delivery pipe, is used to
obtain the delivery pressure of the pump. Two €electrical solenoid valves (7) alow flow to be directed
either to the graduated vessel or to the main reservoir. A nozzle type flow meter (8) is connected between
the differential pressure transducer (9) and a data acquisition recorder to measure and record the pump
discharge automatically. A 1500 mm (h) x 240 mm (dia) graduated vessel (10) is used to measure the
volume of recovered oil and the oil/water ratio. The recovered oil is transferred back to a 60-litre oil
reservoir (11) located on the top of the test rig using a gear pump (12). A 50 mm (2 inch) ball valve (13)
was used to re-direct the required quantity of oil back to the main reservoir. A drain vave (14) is used
either to maintain constant water level during the test or to drain the water at the end of each test. The water
temperature is measured using a calibrated thermocouple.

A tangential water jet was introduced on the inside-bottom of the weir, adjacent to the cylinder wall sing a
copper pipe. The water pressure is abtained by having water supplied from a high-level reservoir via a
plastic hose (15). A globe valve was used to control the inlet pressure and the jet flow rate. Once the
pressurized water jet enters the cylindrical weir, the oil and water bring to swirl together inside the weir,
creating a "cyclone" effect, which draws the oil layer located above the water interface surface down
towards the weir sink as shown in Figure 3. The cyclone effect is enhanced when oil is sucked from the
weir using atransfer pump.

To determine the oil film thickness, a known volume of oil was placed in the reservoir and allowed to
settle. Measurements were taken away from the skimmer and reservoir walls to avoid any wall effects.
The oil film thickness was measured using a micrometer that was fitted into a traversing unit so that it could
move up and down. The conical ends of the micrometer jaws made it relatively easy to determine when
contact was made with the upper and lower surfaces of the oil film and had an estimated accuracy of 0.05
mm. The readings obtained using the micrometer was compared to the calculated values, which were
derived by dividing the il volume by the cross-sectional area of the reservoir. Values obtained from both
methods were in good agreement, with a maximum error of 1%.

Before each run, the ail film thickness and the water submergence height “h” of water/oil interface
surface were measured. The ail film thickness varied between 10 mm to 50 mm and was controlled by
the oil volume added to the water surface. Varying the water level inside the tank by adding or draining a
controlled volume of water was used to control the submergence height.

For each experimental run, the volume, weight and specific gravity of the collected skimmed mixture (oil
and water) were recorded at one-minute intervals. Each mixture was left to stand for 6 hours in a
graduated cylinder away from the experimental apparatus to ensure complete separation between water
and oil. The separate volumes of oil and water were then obtained from measurements and from
calculations by comparing the mixture, oil, and water densities. Both methods gave the same values for
Veii and Vyae The oil recovery rate was then calculated. Based on the experimental tests, the
measurements were estimated to be accurate to within 4% for oil recovery rate, 5% for oil film thickness
(t) equal to 50 mm, and 10% for t equal to 10 mm. All tests were carried out at approximately constant
temperature between 25-26°C. All data was collected after steady state conditions were attained. At the
end of each experiment, the oil from the collecting vessel was returned to the compensating reservoir
using agear pump (12) in Figure 1.

The four oils used in this study were diesel fuel oil, SAE 40W, SAE 50W and SAE 90W. Their physical
properties are presented in Table 1.

Table 1: Physical Properties of oils used in the present study at 25°C.

Oil type Density (kg/m®) Surfacetension | Viscosity (Ns/ m?)
(N/m)
Diesdl fuel ail 825 4.188%102 0.0026
SAE-40 W oil 900 3.8 x107? 1.0
SAE-50W ail 901.2 3.86 x102 112
SAE-90W ail 903 4.08 x102 1.23
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3. Test procedure

Two groups of experiments were performed during this investigation: the first group was carried out
while the pump was operating and the second group was performed while the pump was shut off. The
following test procedure was followed:

1. Thewater reservoir was filled 100 mm past the cylindrical weir upper edge.

2. At the beginning of each run, air was vented from the piping systems.

3. Oil was added above the water surface until the desired value of oil thickness was attained.

4. The pressurized water line was opened gradually until the water jet generated inside the weir was
able to circulate the water. The pump was started at the same time the water line was opened
(first group of experiments)

5. Observations were made for a period of 30 to 60 seconds to determine if the oil vortex
devel oped.

6. After a strong, stable oil vortex is formed, the electrical valve was turned on, and oil/water
mixture was directed to the graduated vessel. At the same time, the measurements from the
pressure transducers and the thermocouple were recorded.

7. Because the water level in the tank will increase from the continuous inflow of water from the
j€t, the drain valve was opened and adjusted to maintain a constant water level.

8. Using a manually controlled valve (13), oil from the compensating tank (11) was added to the
water reservoir surface to maintain a constant oil film thickness throughout the experimental run.

9. The above procedure was repeated for different water levels and for different water jet flow rates
from 0.77 up to 1.8 Cu.m/hr.

10. The pump was stopped after the corresponding inlet water jet flow rate and the oil recovery rate
were recorded for each water submergence height.

11. The same procedure was repeated for gravity free flow tests (second group of experiments).

12. The above procedure was repeated for different type of ails.

4. Tests, results and discussion

4.1 Observations

Before discussing the experimental results, it is important to note that, once a strong vortex is formed, the
cyclone effect often persists for a long time period, sometimes longer than one hour. In other words, the
skimmer achieved a steady state oil recovery rate over along time period, which provides confidence in the
device's effectiveness.

Prior observations suggest that, in the absence of atangential water jet, the single-phase flow field
(i.e., water only) inside the skimmer chamber is similar to the classical flow field that devel ops when water
drains from a small hole located at a container’s bottom. The strong, localized deformation at the water
surface makes the generated vortex highly visible. Inside the vortex core, the axia velocity is high, which
is essential for a strong swirl. The flow structure, the free surface shape, and the interdependence of
important characteristics such as the central depression size and the overflow rate are dependent both on the
rotational speed (circulation strength) of the vortex core and the liquid depth inside the skimmer. A high
tangential velacity near the center is a unique feature of any vortex, which if strong enough can entrap a
lower density fluid (i.e., air) near its base.

Figures 4ato 4f show observations that were recorded by a digital video camera. The figures show
the water circulation inside the vortex chamber after the introduction of the water jet. After the pump was
turned on, aweak oil vortex started to form with its characteristically thin tail moving towards the chamber
drain hole. Seconds later, the oil vortex stabilizes but continues to gain strength at the centre of the
chamber near the drain hole. However, athick vortex tail (figure 4d) extending downward coincided with
the vortex’s gain in strength. Meanwhile, the oil was pumped to the collection tank. After that, the oil film
thickness was diminished. The pump as shown in figure 5¢ recovered most of the oil. But when the oil film
was less than 10 mm thick, an air-oil vortex started to appear. At this moment the test was stopped.
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The preliminary observation shown in video film for flowing (of either oil only or oil-water mixture)
dlick approaching the weir indicated that the slick film thickness drops as at approaches the weir. This drop
in slick film thickness occurs due to the existence of weir itself. This drop is dependent on dlick type (single
or two phase), viscosity, skimming flow rate, weir edge conditions.
Figure 6 presents the effect of submergence height “h” on the oil recovery rate for diesel fuel oil and SAE
50W oil a 30 mm film thickness. The measurements were taken when the oil vortex was created at a
constant jet flow rate of 1.732 Cu.m/hr. The results indicate that, the oil recovery rate first increases as the
submergence height increases until an optimum value of about 200 mm (cylindrical chamber height) is
reached. When the submergence height is less than the chamber height, oil and water must enter the
skimmer chamber through the holes on the chamber circumference, which restricts the flow of both liquids,
especially the oil which has a higher viscosity than water. When this occurs, flow to drain hole is provided
mainly by the water layer at the bottom of the chamber. As the submergence height increases, the effective
head increases which results in increased flow of both liquids through the chamber holes, and an increase in
the oil recovery rate. When the submergence height reaches a value egqual to or greater than 170 mm, oil
enters the chamber over the upper edge, which leads to a heighten oil recovery rate. Only oil can enter the
chamber since water flow to the chamber is diminished because of the holes in the chamber wall. The
maximum oil recovery rate was attained when the oil/water interface surface was just above the chamber’s
upper edge. This alowed a thin film of water to pass over the chamber edge and lubricate the oil flow,
which reduced the viscous effects on the weir crest and allowed more oil to flow into the weir chamber.
More water enters the chamber as the submergence height continues to increase, which dilutes the amount
of oil passing through the drain hole and consequently the oil recovery rate decreases. Moreover, figure 6
shows similar behavior when SAE 50W oil at 30 mm film thickness and with the inlet tangential jet at the
same flow rate was tested. With both oils, the maximum recovery rate was attained at a submergence
height of 200 mm, which is the same height of the weir chamber. The oil recovery rate decreased when the
submergence height was above or below 200 mm. The negative effect (i.e. decreasing of oil recovery rate)
at a high submergence height is attributed to the reduced ability of the oil vortex to recover the spilled ail.
It is important to point out that, all the following tests were undertaken at an optimum submergence height
(h =200 mm).
Figure 7 shows the oil recovery rate against the tangential water flow rate for diesel fuel oil at film
thicknesses between 10 to 40 mm. These tests were undertaken with the aid of the transfer pump. The
tangential water jet flow rate varied from 0.72 to 1.8 cu.m/hr. The results indicated that, as the water jet
flow rate increased, the oil recovery rate increased due to higher water jet momentum. Higher water jet
momentum increases circulation strength, and hence the strength of the oil-removing vortex generated
inside the weir chamber. The strong vortex generated inside the chamber separates oil from water.
When awater jet is introduced into the weir chamber at a high velocity, the momentum it imparts on the
two-fluid mass increases the circulation in the surrounding fluid, eventually forming a vortex. The jet
gives rise to combined, Rankine-type vortex conditions with a forced vortex forming near the drain hole
and a free vortex forming in the outer region toward the periphery. As aresult, oil builds up inside the
vortex core and is collected at a rate proportional to the vortex strength. This resulted in secondary flow
that causes the fluid layers chamber floor (water) to move toward the outlet drain hole at the chamber
bottom center. The oil reaches the vortex core in the shape of a thick-tail funnel, which can be
continuously flushed out through the drain hole. This effect is enhanced at higher water jet flow rates.
Figure 7 al'so shows that the oil recovery rate increased as the film thickness increased due to the increase
in head causing flow over the weir crest.

The results presented in figures 8 through 10 for other types of oil (SAE 40W, SAE 50W and
SAE90 W oail), showed the same trend in all cases. The ail recovery rate increased as the tangential water
jet flow rate and oil film thickness increased.

4.2 Effect of the absence of transfer pump on the oil recovery rate

The second group of experiments was conducted without the use of the transfer pump. Regardless, a
strong, stable vortex was created after the drain valve that was fitted to an outlet pipe located 1.25 m below
the weir sink was opened. Individual tests were carried out for oil film thicknesses between 10 to 40 mm
and water jet flow rates between 0.72 and 1.8 cu.m/hr. The results presented in figures 11 and 12 indicate
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that, the oil recovery rate increases as the water jet flow rate increases, which is similar to the observation
made for the experiments using the transfer pump. A comparison between the oil recovery rates for the two
groups of experiments is presented in figures 13-16 for the four oils used in this experiment. The ail
recovery rates decreased remarkably without the transfer pump. The increase in the oil recovery rates due
to the transfer pump can be attributed to the energy difference applied through the drainage pipe system.
When the transfer pump is not turned on, the energy applied is approximately equivalent to the static head
of the oil surface above the drainage pipe plus the energy added to the weir vortex chamber through the
water jet. When the transfer pump is used, the energy that causes oil flow will have the previous value
(calculated without pump) plus the energy from pump pressure head. The energy from the pump pressure
head will enhance the capacity of the skimmer system to drain the oil away at a higher flow rate and
prevent the oil from accumulating inside the weir chamber. This causes a depression on the oil free surface
inside weir chamber, which in turn causes oil to approach the weir crest at a higher velocity. This,
consequently, improves the capacity of weir for oil recovery operations.

4.3 Effect of oil typeon the oil recovery rate.

Figure 17 shows the oil recovery rate plotted against the oil film thickness for different oils at a water jet
flow rate of 1.83 cu.m./hr and using a transfer pump. This figure shows that the oil recovery rate increases
as the ail film thickness increases for all of the oils tested. The figure also shows that the oil recovery rate
decreases as the oil viscosity increases due to the increase in flow losses over weir crest and in the internal
losses between the flowing oil layers as the oil moves over the water surface towards the skimmer crest.

For the weir skimmer, a depression is created above the oil free surface inside the weir chamber due to the
vortex and to the sink flow through the weir sink. This depression affects the oil flow into the weir
chamber, and hence on the oil recovery rate. The oil flow towards the weir crest is governed by Bernoulli’s
equation, which states that the oil approach velocity decreases as the oil viscosity increases. This is due to
the increase in the viscous drag forces between the oil layers, the oil and water, and the oil and weir crest.
The reduction in the oil approach velocity reduces the oil flow rate towards the weir chamber, which in turn
reduces the oil recovery rate.

In conclusion, the collection capacity of weir skimmers can be increased if floating booms are used to
contain and concentrate the spilled oil so that the optimal conditions for oil removal by the weir skimmer
can be achieved. These conditions are most likely to occur shortly after an oil spill accident before
evaporation of volatile components due to westhering can take place.

5. Conclusion

Based on the experimental results, the following conclusions can be drawn:

1. The weir skimmer capacity for oil spill recovery can be effectively enhanced by introducing a
tangential water jet near the inside bottom of the weir chamber wall.

2. The il recovery rate of the enhanced weir skimmer increases with higher water jet flow rates and
at greater oil film thicknesses.

3. The ail recovery rate of the enhanced skimmer increases as the oil viscosity decreases. Thus,
weir skimmers are more effective at recovering light and medium oils. Because the oil viscosity
increases as oil is exposed to the weather, quick deployment of weir skimmers following an ail
spill accident is recommended.

4. The ail recovery rate of the enhanced skimmer increases as the oil film thickness increases, thus

it is recommended to use floating booms for oil containment and concentration before and during

skimming operations.

The skimmer capacity isimproved by using the transfer pump.

Controlling the depth of the skimmer edge below the oil/water interface is an important factor in

maximizing the oil recovery rate and in minimizing the water recovery rate, which is particularly

important for thin oil films.
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Figure 3 Qil cyclone effect
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Future plans

The present study shows a considerable improvement in the oil recovery rate of sharp edged weir
skimmer under laboratory conditions (No effect of water movement as encountered on the seas).
Future studies are needed to determine the effect of waves and currents on the oil collection capacity of
this type of skimmers. Also the effect of water jet on the performance of weir skimmer with rounded
entrances similar to those used in real oil spill recovery systems should be considered in future studies.
The effects of chamber height to diameter on oil recovery rates could also be investigated.
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Figure 4 Oil vortex profiles at different conditions
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Figure 5 Strong oil vortex generated inside vortex chamber with different
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Fig. 6. Effect of submergence height on oil recovery rate
(Water jet flow rate 1.732 Cu. m/hr, oil film thickness t= 30mm, using pump).
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